In this paper, poly(vinyl alcohol) (PVA) nanofiber was prepared and modified by diethylenetriamine (DETA) and ethylenediamine (EDA) in the presence of glutaraldehyde (GA). Dye removal ability of the modified nanofiber (PVA/DETA/EDA/GA) as a nanoadsorbent from water was studied. Fourier transform Infrared (FTIR) and scanning electron microscopy (SEM) were used to investigate the characteristics of the modified nanofiber. Direct Red 23 (DR23) and Direct Blue (DB78) were used. The effect of operational parameters such as pH, initial dye concentration, contact time, temperature and adsorbent dosage on dye removal was studied. The dye adsorption isotherms, kinetics and thermodynamics were investigated. The maximum dye adsorption capacity of the modified nanofiber was 370 and 400 mg/g for DR23 and DB78, respectively. Four isotherms, the Langmuir, the Freundlich, Tempkin and a modified Langmuir-Freundlich model were used. Dye adsorption on the modified nanofiber followed the Langmuir isotherm and pseudo-second kinetic order. Thermodynamic data showed that dye removal was a spontaneous, endothermic and physisorption process. R the universal gas constant (8.314 J/mol K) R 2 correlation coefficient value T the absolute temperature (K) SEM Scanning electron microscopy FTIR Fourier transform infrared ΔG W standard Gibbs free energy change ΔH W standard enthalpy change ΔS W standard entropy change 2475
The adsorption process is one of the effective methods to remove azo dyes from water and wastewater (Khosla et al. ; Zodi et al. ) . Nanomaterials as adsorbents have attracted considerable interest because of their large surface area, controllable surface properties, and pore structure. The adsorbents have developed to remove heavy metals and dyes due to the interaction of their surface functional groups with the target compounds (Lin et al. ) . Thus, the numerous adsorption sites and large surface area are the most important factors to affect pollutant removal by adsorbents (Dural et al. ) .
Electrospinning is a convenient, low-cast, effective, simple, and widely utilized method to prepare nanofibers as adsorbents. In addition, it has attracted considerable attention. The nanofiber with high stability, high specific surface area, and a large number of surface functional groups is expected to be a good adsorbent for pollutants via physical or chemical adsorption. A poly(vinyl alcohol) (PVA)/zinc oxide nanofiber was used as an adsorbent to remove U(VI), Cu(II) and Ni(II) from aqueous solution. The equilibrium data showed that the adsorption capacity for U(VI), Cu(II) and Ni(II) ions are 370. 86, 162.48 and 94.43 mg/g, respectively (Hallaji et al. ) . In other research, a hydrophilic PVA-co-ethylene nanofiber was prepared to remove heavy metal ions. The hydrophilic nanofiber was activated with cyanuric chloride and covalently linked to the activated nanofiber. The functionalized nanofiber showed high adsorption capability for heavy metal ions (Lu et al. ) . PVA and thiol-functionalized PVA/SiO 2 nanofibers were prepared by electrospinning and used to remove heavy metal ions from water. The results indicated that the functionalized composite nanofiber had greater capacity than the pure one (Wu et al. ) .
A literature review showed that the surface modified PVA nanofiber by diethylenetriamine (DETA) and ethylenediamine (EDA) in the presence of glutaraldehyde (GA) was not used to remove dye from water. In this paper, the modified nanofiber (PVA/DETA/EDA/GA) was prepared and its dye removal ability as a nanoadsorbent was studied. The characteristics of the modified nanofibers were investigated by Fourier transform infrared (FTIR) and scanning electron microscopy (SEM). The effect of pH, contact time, adsorbent dosage, initial dye concentration and temperature on dye removal was investigated. In addition, the isotherms, kinetics and thermodynamics of dye adsorption were studied.
EXPERIMENTAL Materials
PVA fiber (MW ¼ 145,000 g/mol) was received from Sigma. DETA, EDA, hydrochloric acid, GA, sodium hydroxide and acetic acid were obtained from Merck. Direct Red 23 (DR23) and Direct Blue 78 (DB78) were used as model dyes (Table 1) .
Methods
Preparation of PVA/DETA/EDA/GA nanofiber PVA solution (7 wt%) was provided by dissolving 0.7 g of PVA in 10 mL deionized water; after that, TETA (0.25, 0.5 wt%) and DEA (0.25, 0.5 wt%) were dispersed in PVA solution and then sonicated for 3 h at 90 W C. Next, the prepared solution was poured into a 10 mL plastic syringe Characterization of PVA/DETA/EDA/GA nanofiber
The functional groups of the prepared nanofiber were analyzed by FTIR spectrometer (ThermoNicolet NEXUS870 FTIR from Nicolet Instrument Corp., USA). The morphology of nanofiber was investigated using SEM (LEO1455VP and England).
Adsorption studies
Dye adsorption onto the modified nanofiber from water was studied at pH 2.1, temperature of 25 W C, contact time of 60 min and adsorbent dosage of 0.02 g. The pH of the solution was adjusted using HCl and/or NaOH. Dye concentration was measured at the maximum wavelength of the dyes (507 nm for DR23 and 604 nm for DB78) using a UV-vis spectrophotometer (CECILCE2021). The effect of adsorbent dosage on the adsorption of dyes was studied with an initial dye concentration of 30 mg/L at 25 W C. The dye removal ability of the nanofiber (0.02 g) at different pH values (2.1, 3, 4, 5, 6, 7 and 8) was examined by contacting 250 mL of the dye solution with an initial dye concentration (30 mg/L) at room temperature (25 W C) for 60 min. Experiments were done with an initial dye concentration of 30 mg/L and 25 W C to study the effect of adsorption contact time. Nanofiber (0.02 g) was mixed in 250 mL of dye solution with concentrations varying in the range of 10-70 mg/L at three different temperatures (25, 35, 45 and 55 W C) to investigate the effect of initial dye concentration and temperature.
Several isotherm models are investigated in the literature. In this paper, the Langmuir, Freundlich and Tempkin models were used to study the adsorption isotherm. The Langmuir model assumes that adsorption occurs at homogeneous sites on the adsorbent with monolayer adsorption. The Langmuir equation is as (Langmuir ):
where q e is the amount of dye adsorbed at equilibrium time (mg/g), q m is the maximum amount of dye adsorbed on adsorbent (mg/g), C e is the equilibrium concentration of dye in solution (mg/L), and K L is the Langmuir constant (L/mg). The Freundlich model considers unequal available heterogeneous sites with different energies of adsorption. It is represented as (Freundlich ):
where K F is the Freundlich constant and n is the intensity of the adsorption constant for Freundlich.
In the Tempkin isotherm, the heat of adsorption decreases linearly with coverage. In addition, the adsorption is characterized by a uniform distribution of binding energies, up to some maximum binding energy (Foo & Hameed ) . The Tempkin isotherm is as follows:
RESULTS AND DISCUSSION Characterization
The reactions of PVA, DETA, EDA and GA to prepare the modified nanofiber are shown in Figure 1 . PVA reacts with GA. Aldehyde reacts with alcohol to produce acetal. In addition, aldehyde reacts with amine, and the imine is produced.
The FTIR spectrum of the samples is shown in Figure 2 . The peaks at 3,419.14, 2,922.21, 1,412.92, 1,353, 1,022.55 and 801 cm À1 in Figure 2 DETA and EDA. In addition, the C-O stretching in pure PVA is replaced by a broader absorption band 1,045.94 cm À1 , which can be attributed to the ether (C-O) and the acetal ring (C-O-C) bands formed by the crosslinking reaction of PVA with GA ( Figure 2(b) ). Also, imine bands (-C¼N-, 1,653 cm À1 ) were formed by the crosslinking reaction of (Mahmoodi & Shourijeh ) . In addition, a peak at 2,855.5 cm À1 was observed due to the reaction of materials with GA to prepare the modified nanofiber (Figure 2(b) ). The SEM micrographs of PVA/DETA/EDA/GA nanofiber are shown in Figure 3 . As can be seen, with a decrease in DETA/DEA concentration from 2.5 wt%, the average diameter of the electrospun nanofiber decreased considerably from 200 to 80 nm, respectively, and the perfect uniform fiber with the smallest diameter and without any drops and beads was obtained. The surface of the modified nanofiber exhibited similar morphologies compared to the PVA nanofiber mat, without any serious cracks or sign of degradation. In high conversions, adhesion among the nanofibers was found to decrease the effective surface area. In addition, it can be observed in Figure 3 that the nanofiber diameter increased by adding 0.5 wt% DETA/EDA compared with 0.25 wt% of DETA/EDA (Table 3) . 
Adsorption studies
In this work, pure PVA/GA nanofiber and PVA/DETA/ EDA/GA nanofiber were prepared and then applied to remove DR23 and DB78 from wastewater. The dye removal ability of two nanofibers was compared. The dye removal experiment was performed using 250 mL volume of 30 mg/L of dye solution with 0.02 g nanofiber. In the adsorption process, DR23 and DB78 molecules would adsorb onto the PVA nanofiber from their aqueous phase due to the van der Waals force interaction. Figure 4 shows that PVA/DETA/EDA/GA nanofiber has higher dye removal ability than pure PVA/GA nanofibers due to surface modification. Thus, PVA/DETA/EDA/GA nanofiber was used for further study.
The dye removal is dependent on the pH of the water because pH variation changes the ionization degree of the pollutant molecule and the adsorbent surface properties (Chowdhury et al. ; Liu et al. ) . The effect of solution pH on the adsorption of DR23 and DB78 by the modified nanofiber is shown in Figure 5 . The results show that the adsorption capacity increases when the pH decreases. The maximum adsorption of dyes occurred at pH ¼ 2.1. At this pH, the amino functional group (-NH 2 ) of the modified nanofiber protonates as -NH 3 þ , and a strong electrostatic attraction occurs between the positively charged nanofiber (-NH 3 þ ) considering the ionization of functional groups and the anionic dye molecules. The number of positively charged sites of the nanofiber decreases at high pH values. Experiments were done at different initial dye concentrations ranging from 10 to 70 mg/L ( Figure 6 ). The dye removal decreases with an increase in the initial dye concentration because of the saturation of adsorption sites on the adsorbent surface (Zou et al. ) .
Temperature can affected the dye removal ability of the adsorbent, because it changes the adsorption capacity of the adsorbent (Kahraman et al. ; Yagub et al. ) . In order to investigate the effect of temperature on the dye adsorption capacity of the modified nanofiber, the experiments were performed at different temperatures (25-55 W C) ( Figure 7) . The experimental results show that the adsorption capacity increases with increasing temperature. It indicates that the adsorption of DR23 and DB78 on the modified nanofiber is endothermic in nature.
The effect of nanofiber dosage on dye removal is shown in Figure 8 . The data indicated that dye adsorption increased with adsorbent dosage since there were more adsorption sites against a constant amount of dye molecule. Based on Figure 8 , the amount of 0.02 g was considered as the optimum amount of adsorbent and used for further study.
In Figure 9 , the effect of the adsorption time of dye removal from the solutions by the modified nanofiber can be observed. The adsorption was initially quite rapid during the first 5 min and then slowed down, and reached equilibrium. Rapid adsorption in the initial minutes is due to a great number of vacant adsorption sites existing on the surface of the nanofiber (Mahmoodi & Shourijeh ) .
Adsorption isotherm
The interaction of the adsorbent and adsorbate molecule is studied using an adsorption isotherm. In addition, isotherm plays an important role to understand the adsorption mechanism.
The values of isotherm constants are shown in Table 4 . As can be seen from the R 2 values of DB78 and DR23, the dye removal isotherm can be approximated as the Langmuir model (Table 4 ). It confirms that the one layer adsorption of DB78 and DR23 takes place at specific homogeneous sites of the modified nanofiber surface.
A modified Langmuir-Freundlich (MLF) can be used to explain the adsorption of pollutants (silver ions) onto adsorbents (halloysite nanotubes) (Kiani ) . This isotherm is the only isotherm that can model the pH-dependent q ¼ q m (K a C e ) n (K a C e ) n þ 1 (4) q m is the maximum adsorption capacity (mg/g), with the value of q m determined by measuring isotherm data at the low pH value of 2.1 ( Jeppu et al. ) . The total six unknowns (five K a and one n) were estimated with MATLAB Optimizer. The value of n at different pH values has a constant value because n is a material property. In this study, we used different initial dye concentrations (10, 20, 30, 40, 50 , and 60 mg/L) at a constant pH value (2.1, 3, 4, 6 and 8) to obtain the dye equilibrium concentration.
When K a is expressed as a function of pH, the MLF isotherm was written as Equation (5).
To study the relationship between K a and pH value, we draw logK a vs. pH. This plot is shown in Figure 10 . It shows the linear relationship between logK a for both dyes and pH value as explained in Equations (6) and (7) for adsorption of DR23 and DB78. The R 2 value was 0.990 and 0.962 in DR23 and DB78, respectively. Jeppu and Clement showed the linear relationship between logK a vs. pH (Jeppu & Clement ) . The estimated parameters of the MLF model are given in Table 5 for dye adsorption on the modified nanofiber. When the pH value decreases, the amount of logK a increases. At lower pH values, the surface sites become more positively charged, so the surface will adsorb more negatively charged ions (anionic dye molecules) (Jeppu & Clement ) . The n value shows the heterogeneity of the system. The n value for our system is close to 1, thus our system has a homogenous material.
log K a ¼ À0:214pH þ 0:216 (6) log K a ¼ À0:313pH þ 0:795 (7) The best fit data were those obtained by minimizing the error function, root mean square error, as defined in Equation (8).
where m is the number of data at each pH value. The experimental data and the predicted results of adsorbent capacity (q) vs. dye concentration are shown in Figure 11 . The R 2 values of fitting were 0.93, 0.94, 0.97, 0.95 and 0.92 at pH 2.1, 3, 4, 6 and 8 for DR23, and the R 2 values of fitting were 0.95, 0.93, 0.93, 0.89 and 0.91 at pH 2.1, 3, 4, 6 and 8 for DB78, respectively. The R 2 values indicated the MLF model was able to closely match the experimental data.
Dye adsorption kinetics
Operating conditions for the full-scale batch process choose the kinetics of dye adsorption onto adsorbent materials because the adsorption kinetics show the solute adsorption rate, and obviously this rate controls the residence time of the adsorbate at the solution interface. When designing the adsorption system, rate control for the residence time of the adsorbate at the solution interface is most important (Yagub et al. ) . In addition, the adsorption kinetics were obtained by fitting of pseudo-first order, pseudo-second order and intraparticle diffusion. The equations of the adsorption kinetics are shown in Table 6 . The results of the adsorption kinetics experiments show that the pseudo-second order models fitted well to the experimental data for all the adsorbent doses with the coefficients of determination (R 2 ) ( Table 7) . The calculated values of q e from the pseudo-second order models were approximately equal to the experimental values of q e .
Adsorption thermodynamic
The dye removal was evaluated by Gibbs free energy (ΔG 0 , kJ/mol), enthalpy (ΔH 0 , kJ/mol) and entropy (ΔS 0 , kJ/mol K) changes. The thermodynamic parameter ΔG 0 was estimated using the parameters obtained in the best fit of the isotherm according to Equation (9), and ΔH 0 and ΔS 0 were determined by the van 't Hoff plot, adjusting data to Equation (10) and obtaining a slope ΔH 0 /R and interception ΔS 0 /R (Johir et al. ) . 
Adsorption kinetic Equation
Pseudo-first order log (q e À q t ) ¼ log (q e ) À (k 1 =2:303)t
Pseudo-second order (t=q t ) ¼ (1=k 2 q 2 e ) þ (t=q e ) Intra particle diffusion
where K L is the Langmuir constant obtained from the isotherms that showed a better fit, T is the absolute temperature (K) and R is the universal gas constant (8.314 × 10 3 kJ mol À1 K À1 ). An adsorption thermodynamics study was conducted to determine the different thermodynamic parameters involved in the adsorption process. From the batch adsorption isotherms at pH 2.1 and different temperatures (25, 35, 45 and 55 W C), the thermodynamic parameters, Langmuir constant (K L ), Gibbs free energy (ΔG 0 ), change in enthalpy (ΔH 0 ), and change in entropy (ΔS 0 ) were calculated and are shown in Table 8 . The ΔG 0 value is negative for DR23 and DB78 due to the spontaneity of dye adsorption by the modified nanofiber. The positive values of ΔH 0 and positive values of ΔS 0 proved the endothermic nature of the dye adsorption and the increased randomness of the adsorbent-solution interface during the adsorption process, respectively (Pohndorf et al. ) .
Comparison of pollutant removal ability of PVA/DETA/ EDA/GA nanofiber with other adsorbents
The maximum adsorption capacity of PVA/DETA/EDA/ GA nanofiber for DB78 and DR23 with other adsorbents is presented in Table 9 . It could be seen that PVA/DETA/ EDA/GA nanofiber has a higher adsorption capacity in comparison to the other adsorbents.
CONCLUSIONS
In this paper, modification of nanofiber was done using different amines such as DETA and EDA in the presence of GA and its ability to remove dye from colored wastewater was investigated. DR23 and DB78 were used. The characteristics of the modified nanofiber were studied by FTIR and SEM. The adsorption data satisfactorily fitted to the Langmuir adsorption isotherm and pseudo-second kinetic order. Maximum dye adsorption capacity was 400 mg/g for DB78 and 370 mg/g for DR23. The satisfactory fit to the Langmuir adsorption isotherm suggests that the adsorption sites were homogeneous with monolayer adsorption coverage. Furthermore, the specific adsorption capacity of PVA/DETA/EDA/GA nanofiber increased when the initial dye concentration increased. The thermodynamic parameters, ΔG 0 and ΔH 0 were negative and positive, respectively, showing that the adsorption process was spontaneous and endothermic. 
